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ABSTRACT 
 
SIMULATIONS OF IMPINGING JET WITH A RANGE OF CONFIGURATION 
 
DEVANSH SINGH 
2017 
Impinging jet technique is widely increasing across the globe due to its ability to produce 
high heat and mass transfer as compared to other traditional methods. Three cases of 
impinging jets related to cooling technologies for a gas turbine were investigated.  The 
first case involves a single jet impinging on a flat plate. The second case has an array of 
jets impinging on a curved surface.  The third case deals with simulating impinging jet in 
crossflow. The first case was used for validation and shows the effect of mesh and inlet 
boundary conditions. After careful observation, it was seen that at least 15 or more prism 
layers should be used for these types of simulation. Also, SST turbulence model gives the 
best output for all the cases discussed below.  
 
For the fenot [11] case, jet-to-jet spacing (P/d) of 4 was observed to give best heat transfer.  
Turbulence modeling and jet versus crossflow ratio was compared, and passive scalar 
mixing was performed and was observed that as the crossflow increases, the heat transfer 
gets worse.
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1. INTRODUCTION 
 
Impinging jet technique for cooling the blades of gas turbine was introduced at the 
beginning of the mid-1960s [2].  Impingement of jet is one of the successful and broadly 
used methods for exchange of mass and energy in numerous applications where a jet of 
fluid impinges against a surface and heat transfer is required. It is believed to give three 
to four times higher heat transfer coefficient comparative to the ordinary convection 
cooling jet [3].  
The use of the impinging jet technique is widely increasing across the globe due to its 
ability to produce high heat and mass transfer as compared to other traditional methods. 
This technique has been widely used in industries for the production of glass, processing 
of steel, electrical cooling equipment, rocket launcher cooling to the cooling of turbine 
blades.   
Although the technique involves a simple geometry involving stagnation and adverse 
pressure zone, most of the applications possess complex flow characteristics. 
The essential thermodynamic rule that makes gas turbine motors practical depends on 
the properties of the working liquid, principally air. The energy released from the 
compressed air expanding through the turbine is higher than the energy required to 
compress the air. This activity is amplified as the fluid is compressed to higher weights 
and raised to higher temperatures.  
Engineers planned for engines with higher compressor weight proportions and turbine 
inlet temperatures as they were looking for the expansion in thermodynamic 
effectiveness. 
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 Temperatures were over or close to the failure point of the materials used to assemble 
the turbines, requiring broad cooling of the inward parts presented to the stream. Coolant 
air is pulled from the compressor area preceding the ignition chamber and steered through 
the motor to cool all parts in the hot gas way, including the combustor liner and turbine 
segment. 
Compared with other warmth or mass exchange plans that don't utilize stage change, the 
jet impingement gadget offers proficient utilization of the fluid and high exchange rates.  
For instance, contrasted with ordinary convection cooling by confined flow parallel to 
(under) the cooled surface, jet impingement produces warm exchange coefficients that 
are up to three times higher at a given greatest stream speed, because the impingement 
limit layers are substantially thinner, and frequently the spent stream after the 
impingement serves to tabulate the encompassing fluid [3].  
Given a required heat transfer coefficient, the flow required from an impinging jet device 
might be two orders of magnitude is less than the required for the cooling approach using 
free wall-parallel flow. 
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Figure	1:	Internal	parts	of	a	gas	turbine	[12]	
 
2. OVERVIEW	
 
Jet impingement technique is a vital heat transfer technique which is capable of cooling 
combustor liner without injecting cool air straight into the combustion chamber. Cooling 
the liner from the back empowers specialists to scatter the warmth stack and keep up more 
uniform temperatures in the combustion region required for proficient burning. An 
impingement array involves a jet plate ordinarily having round gaps which create the 
impinging jets. Now, the jet will hit the surface, i.e., the target plate to cool it down. The 
layout of impinging jet comprises of three parts, i.e., potential core, shear l
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Figure 2: Jet Impingement Cooling of Combustor Liner [15] 
       
 
Figure 3: Impinging Jet Structure [15] 
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The velocity profile is quite uniform at the discharge of the jet plate. The velocity profile 
develops and expands due to the viscous forces acting on the shear layer. As seen in the 
diagram above, it can be observed that the potential core is the region in which viscous 
forces will not have any or little effect on the velocity profile.  
As soon as the jet hits the target plate, it can be observed that the wall jet is formed when 
the fluid moves with the wall. The wall jet is thickened as it moves far away from the 
stagnation point because of the viscous forces which were acting on the fluid decreasing 
the peak velocity. 
 
Figure 4: Impinging jet pattern [3] 
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Once the jet leaves the nozzle, it will go through the region where it will act as a free 
submerged jet before hitting the impingement surface. As known, the velocity gradient 
which is present in the jet will bring shearing at the edges of the jet flow which will 
eventually move momentum laterally outward. 
It can be seen from the diagram above that the jet will lose energy, and the velocity profile 
will be widened in spatial extent, and there will also be a decrease in the magnitude along 
the side of the jet. 
Dimensionless parameters are used to scale units as most of the experiments are conducted 
at conditions suitable for testing not for the actual condition of the engine. Here, heat 
transfer is characterized by the Nusselt Number whereas Impinging jets are characterized 
by Reynold's number and Mach numbers. Reynold's number, ReD, can be expressed as in 
equation 1 
      (1)  𝑅𝑒- = /01     
Where U is the mean jet velocity at discharge, v is the kinematic viscosity of air and d is 
the jet hole diameter. Mach number can also be expressed as in equation 2 
 
    (2)      𝑀 = /3  
Where U is the mean jet velocity at discharge and a local speed of sound at discharge. 
Lastly, Nusselt number can be expressed as in the equation 3 
            
       (3)                   𝑁𝑢- = 506            
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3. LITERATURE	REVIEW	
 
In the past, numerous investigations on various geometrical and physical aspects of 
cooling through impinging jets have been done. Jet impingement technique, when 
compared with different heat and mass transfer techniques offers proper use of the fluid 
and high transfer rate.  
There were some experimental studies done by Gau and Chung [4] on flow visualizations 
and heat transfer coefficient due to a slot jet impingement on both convex and concave 
surfaces.  As discussed in Zuckerman and Lior [3], when impingement jet is compared 
with the conventional convection cooling by confined parallel flow under the cooled 
surface because of the thinner boundary layer it produces three times the heat transfer 
coefficient than the conventional one. 
Impinging jet played a vital role in practical cases and due to which many researchers 
tried to study and investigate different parameters associated with heat transfer of 
impinging jet [5]. Experimental procedures and numerical analysis played a significant 
role to study the nature of impinging jet.  
Hollworth and berry [16] studied the effect of the jet to jet spacing to diameter ratio and 
plate spacing to jet diameter ratio on thermal characteristics. In their study, they 
concluded that for a large nozzle spacing, an average Nusselt number is approximately 
independent of nozzle-to-plate distance.  
Dagtekin and Oztop [17] also did a numerical investigation on the distribution of a nusselt 
number for the laminar slot jets using a simple modified algorithm, where he explained 
the variation of a nusselt number by Reynolds number and duct height variables keeping 
slot width and jet to jet spacing constant. 
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Numerical Analysis and Computational Fluid Dynamics such as large eddy simulations 
and direct numerical simulation assisted well in getting a clear idea of flow and heat 
transfer.   
Rizk and Menon [7] did many investigations on impinging jets using LES and worked on 
two-jet impingement CFD to find the dynamical interaction of the flow structures.  In the 
past, many researchers also have made different conclusions for the jet to wall distance 
of the impinging jet as it strongly affects the heat transfer.  
There is one more important factor which affects the flow and heat transfer characteristics 
of many impinging jets in a confined space. It is called as an impinging jet in crossflow. 
Impinging jet in crossflow can be defined as fluid flow in the perpendicular direction of 
the jet impingement flow. There are many studies that have been done previously showing 
the effects of cross-flow. Florschuetz [5] studied the correlation of a nusselt number for 
both inline and staggered arrangements in case of the jet to jet spacing of S > 4D.   
A study of heat transfer on an impingement surface under the array of jets also in an in-
line arrangement was done by Katti and Prabhu [6] which shows that the heat transfer 
rate under the jet to jet spacing of S = 4D is higher than the S = 2D or S = 6D. Additionally, 
jet impingement on a surface through crossflow for cooling shows a true application in 
industry.  Barata and Durao [8] studied the effect of the jet to crossflow on the structure 
of ground vortex for velocity characteristics using Laser-Doppler measurements. 
Later, after the study, Sparrow [9] recommended that the main parameters deciding the 
plane impinging heat transfer in crossflow are mass velocity proportion and proportion 
of nozzle to surface spacing to jet diameter. Wang and Sunden [10] investigated that 
change in the jet Reynolds number and velocity ratio strongly affects the heat transfer 
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pattern. 
4. ORGANIZATION	OF	THE	WORK	
 
The focus of this paper is on impingement of a high-pressure turbine (HPT) blade at 
the leading edge of the blade. The single jet impingement is the first case that will be used 
for validation.  The case will verify, which turbulence model to use for the other cases.  
The single jet case will simulate different nozzle opening to check for heat transfer 
improvements and the changes coming after those modifications.  The second case is the 
experiment for Fenot [11]. This case is conducting large eddy simulation and other 
turbulence models (k-ε, k-ω, RSM, etc.) with Reynolds number 23,000 and with different 
jet-to-jet (P/d) spacing to 3, 4, 6 and 8 and tube diameter of 20mm to check the Nusselt 
number versus s/d (Nu Vs. s/d) and to find the higher heat transfer for the same case.   
Also, using jet in crossflow, effect of heat transfer as a function of ratio jet velocity versus 
crossflow velocity, the effect of turbulence modeling (LES, SST, k-e) and effect of LES 
modeling using passive scalar scene are studied below using the same initial conditions 
for cross-flow as used in the Baughn [1]. 
 
 
 
 
 
4.1. Turbulence	model	and	wall	function	
 
Turbulence comprises of vacillations in the stream field in time and space. It is an 
unpredictable procedure, for the most part since it is a three-dimensional, unsteady process 
and comprises of many scales. It can significantly affect the attributes of the stream. 
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Turbulence happens when the inertia force in the liquid wind up plainly huge compared 
with viscous powers and is portrayed by a high Reynolds Number. 
In general, the Navier - Stokes equations are comprising of both laminar and turbulent 
flows. However, turbulent streams at reasonable Reynolds numbers traverse a huge 
scope of turbulent length and time scales, and usually smallest finite volume mesh is 
much bigger than the length scales, which is used in the numerical analysis. Computing 
power is required for the flows of Direct Numerical Simulation (DNS) as it requires 
computing power which is many orders of magnitude greater than available in the 
foreseeable future. 
A great amount of CFD research has focused on procedures that make use of turbulence 
models. Turbulence models have been particularly created to represent the impacts of 
turbulence without plan of action to a restrictively fine work and direct numerical 
simulation. Many turbulence models are statistical turbulence model, as discussed 
below. The two exceptions to this in ANSYS are the Large Eddy Simulation model and 
the Detached Eddy Simulation model. 
4.2. Statistical	Turbulence	Models	and	the	Closure	Problem	
 
When looking at time scales much greater than the time scales of turbulent fluctuations, 
turbulent stream could be said to display normal attributes, with an extra time-
changing, fluctuating segment. For example, a velocity segment can be divided into an 
average segment and a time-varying segment. 
In general, turbulence models look to alter the first unsteady Navier - Stokes conditions 
by the presentation of found the middle value of and fluctuating amounts to create the 
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Reynolds Averaged Navier - Stokes (RANS) conditions. Only mean flow quantities are 
shown by these equations while displaying turbulence impacts without a requirement 
for the determination of the turbulent changes.  
All scales of the turbulence field are modeled here. Statistical turbulence models are 
based on RANS equations due to the statistical averaging procedure employed to derive 
the equations. 
Simulation of the RANS conditions enormously decreases the computational exertion 
contrasted with a Direct Numerical Simulation and is, for the most part, received for 
practical engineering calculations. However, the averaging system presents extra 
obscure terms containing results of the fluctuating amounts, which act like extra worries 
in the fluid. These terms are called ‘turbulent' or ‘Reynolds' stresses and are complex to 
derive directly and so become further unknowns. 
The Reynolds (turbulent) stresses should be modeled by additional equations of 
the known quantities to achieve "closure." The closure means that there is a 
significant number of equations for all the unknowns, including the Reynolds-
Stress tensor getting from the averaging procedure. The equations which are 
used to close the system defines the type of turbulence model. 
4.3. Reynolds Averaged Navier - Stokes (RANS) Equations 
 
As it is discussed above, turbulence models are used to solve a modified set of transport 
equations by bringing in averaged and fluctuating components. For example, a velocity U
i 
can be divided into an average component, Ui, and a time varying component, ui.  
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      (4)    𝑈$ = 	𝑈$ +	𝑢$    [18] 
The averaged component is given by:  
(5)   𝑈$ = 9∆) 𝑈$𝑑𝑡)=∆))     [18] 
Where Δ t is called as the time scale which is very large relative to the turbulent 
fluctuations, but very small relative to the time scale for which the equations are solved. 
For the compressible flows, density is used for the averaging (Favre-averaging), but for 
simplicity, the following procedure is assuming that the density fluctuations are negligible.  
For transient flows, the equations are ensemble-averaged. This permits the averaged 
equations to be solved for transient simulations also. These equations are also called as 
URANS (Unsteady Reynolds Averaged Navier - Stokes equations).  
Swapping the averaged values into the original transport equations gives the Reynolds 
averaged equations which are shown below. In the equations shown below, the bar is 
dropped for averaged quantities, except for products of fluctuating quantities. 
(6)   >?>) +	 >>@A 𝜌𝑈B = 0	 
 >D/E>) + 	 >>@A 𝜌𝑈$𝑈B = 	− >?>@E	 + 	 >>@E 𝜏$B − 𝜌𝑢"𝑢& +	𝑆I   [18] 
The continuity equation has not changed, but the momentum and scalar transport equations 
include turbulent flux terms addition to the molecular diffusive fluxes which are the 
Reynolds stresses.  
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These terms in the equation came from the non-linear convective term in the un-averaged 
equations. These terms tell the fact that convective transport due to turbulent velocity 
fluctuations will help increase the mixing over and above that caused by thermal 
fluctuations at the molecular level. At the high Reynolds numbers, turbulent velocity 
fluctuations, which are occurring over a length scale which are much larger than the mean 
free path of thermal fluctuations, so that the turbulent fluxes are much greater than the 
molecular fluxes.  
 The Reynolds averaged energy equation is written as:  
(7)  >D5JKJ>) − 	>D>) +	 >>@A 𝜌𝑈Bℎ)M) = 	 >>@A ⅄ >O>@A − 	𝜌𝑢&ℎ +	 >>@A 𝑈$ 𝜏$B −	𝜌𝑢"𝑢& +	𝑆P           [18] 
The equation above is having an extra turbulence flux term, 𝜌𝑢"ℎ when it is compared 
with the instantaneous equation.  
Total Enthalpy can be written as: 
(8)   ℎ)M) = ℎ + 9Q 𝑈$𝑈$ + 𝑘    [18] 
Where k is given by: 
𝑘 = 	12 𝑢"Q 
In the same way, the extra variable ∅ can be divided into an average component, ∅, and 
also a time varying component, ∅. 
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The variable equation after dropping the bar for averaged quantities, the equation becomes: 
(9)  >U∅>) +	 >>@A 𝜌𝑈B∅ = 	 >>@A 𝑟 >∅>@A − 	𝜌𝑢&∅ +	𝑆∅  [18] 
here, 𝜌𝑢&∅ is called as Reynolds flux. 
 
 
 
4.4. Eddy	viscosity	turbulence	models	
 
Usually, turbulence consists of small eddies which continuously forming and deforming, 
over here Reynolds stresses are said to be proportional to the mean velocity gradients. 
According to the eddy viscosity hypothesis, Reynolds stresses can be related to the mean 
velocity gradients and also to the turbulent viscosity by the gradient diffusion hypothesis: 
 
(10)  −𝜌𝑢"𝑢& = 	𝜇) >/E>@A + 	>/A>@E − 	QV 𝛿$B 𝜌𝑘 +	𝜇) >/X>@X   [18] 
here, 𝜇) is called as the turbulent viscosity and needs to be modeled. 
Like the turbulent viscosity hypothesis is the turbulent diffusivity hypothesis, which says 
that the Reynolds fluxes of any scaler quantity can be linearly related to mean scaler 
gradient: 
−𝜌𝑢"∅ = 	 𝑟) 𝜕∅𝜕𝑥$ 
over here 𝑟) is called as eddy diffusivity and can be written as: 𝑟) = 	 𝜇)𝑃𝑟) 
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Where 𝑃𝑟) is called as turbulent Prandtl number. According to this hypothesis, the 
Reynolds and scaler transport equation become: 
(11)  >U/E>) + 	 >>@A 𝜌𝑈$𝑈B = 	− >?\>@E + >>@A 𝜇]^^ >/E>@A − 	>/A>@A	 + 	𝑆I [18] 
 
where SM is called as the sum of the body forces and 𝜇]^^ is called as the effective 
viscosity which can be defined as: 𝜇]^^ = 	𝜇 +	𝜇) 
Also, p’ is called as the modified pressure which can be described as: 
𝑝` = 𝑝 +	23 𝜌𝑘 +	23 𝑢]^^ 𝜕𝑈6𝜕𝑥6  
The Reynolds averaged energy equation can now be written as: 
(12)  >D5JKJ>) − 	>D>) +	 >>@A 𝜌𝑈Bℎ)M) = 	 >>@A ⅄ >O>@A + 	 bJcdJ >5>@A +	 >>@A 𝑈$ 𝜏$B − 	𝜌𝑢"𝑢& +	𝑆P        [18] 
4.5. k	–	Epsilon	model	
 
Here, k is called as the turbulence kinetic energy and is also called as the variance of the 
fluctuations in velocity.  Whereas, ε is called as the turbulence eddy dissipation. 
This model brings two new variables into the system. One is the continuity equation, and 
other is the momentum equation: ∂ρ∂t +	 ∂∂xi ρUi = 0 
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(13)  klmnko + 	 kkpq ρUrUi = 	− ks\kpn + 	 kkpq µuvv kmnkpq + 	kmqkpn + 	Sx  [18] 
 
Both, k-ε model and zero equation model are based on eddy viscosity concept, i.e.: 𝑢]^^ = 	𝜇 +	𝜇) 
This model also predicts that the turbulence viscosity is somewhat related to the turbulence 
kinetic energy and dissipation: 
𝜇) = 	𝐶b𝜌 𝑘Q𝜀  
Where Cµ is constant. 
4.6. The	Wilcox	k	–	omega	model	
 
Like K – ε model, this model solves two transport equations, one for k which is turbulent 
kinetic energy and other is ω which is turbulent frequency. 
K – equation: 
(14) >(D6)>) + 	 >>@A 𝜌𝑈B𝑘 = 	 >>@A 𝜇 +	 bJ}X >6>@A + 	𝑃6 −	𝛽`	𝜌𝑘𝜔 +	𝑃6  [18] 
ω – equation: 
(15)   > D>) +	 >>@A 𝜌𝑈B𝜔 = 	 >>@A 𝜇 +	 bJ} >>@A +	𝛼 6 𝑃6 −	𝛽𝜌𝜔Q +	𝑃         [18] 
Here, density, velocity vector, and other independent variables are treated as the known 
variables from the Navier – Stokes equation. 
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The unknown Reynolds stress tensor, 𝜌𝑢"𝑢&, are calculated from: 
   (16)  −𝜌𝑢"𝑢& = 	𝜇) >/E>@A + 	>/A>@E − 	QV 𝛿$B 𝜌𝑘 +	𝜇) >/X>@X   [18] 
4.7. The	Shear	Stress	Transport	(SST)	
 
The K – ω which is based on SST model represents the transport of the turbulent shear 
stress and gives exceptionally exact expectations of the beginning and the measure of 
stream partition under unfavorable pressure gradients. 
This method is successful because of the blending functions. Their formulation is based on 
the distance to the nearest surface and the flow variables. 
(17)   𝐹9 = 𝑡𝑎𝑛ℎ 𝑎𝑟𝑔9  
with: 
  arg9 = min max \ ,  , l    [18] 
Where y is called as the distance to the nearest wall and v is called as the kinematic 
viscosity and: 
𝐶𝐷6 = 𝑚𝑎𝑥 2𝜌 1𝜎Q𝜔 𝜕𝑘𝜕𝑥B 𝜕𝜔𝜕𝑥B , 1.0	𝑋	10£9  
(18)   𝐹Q = 	 tanh 𝑎𝑟𝑔QQ      [18] 
with: 
𝑎𝑟𝑔Q = 𝑚𝑎𝑥 2 𝑘𝛽`𝜔𝑦 , 500𝑣𝑦Q𝜔  
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4.8. The	Reynolds,	stress	model	
 
This stress model is based on ε – equation. 
(19) >D¨©¨ª>) + 	 >>@X 𝑈6𝜌𝑢"𝑢& −	 >>@X 𝜇 + QV 𝐶«𝜌 6¬ >¨©¨ª>@X = 	𝑃$B −	QV 𝛿$B𝜌𝜀 +	∅$B + 	𝑃$B, 𝑏        [18] 
where 	∅$B is called as the pressure-strain correlation, and 𝑃$B,	is called as the production 
term which is given by: 
𝑃$B = 	−𝜌𝑢"𝑢6 𝜕𝑈B𝜕𝑥6 − 	𝜌𝑢&𝑢6 𝜕𝑈$𝜕𝑥6 
Now, the production due to buoyancy is given by: 𝑃$B, 𝑏 = 	𝐵$B − 	𝐶¨M 𝐵$B −	13𝐵66𝛿$B  
over here, the second term shows the buoyancy contribution from the pressure strain term 
and 𝐵$B	are given by: 
(20)   Bri = 	𝑔$𝑏B +	𝑔B𝑏$     [18] 
Now, bi could be modeled as:  𝑏$ = 	 𝜇)𝜎D 𝛽 𝜕𝑇𝜕𝜕𝜕𝑥$ 
Where 𝛽 is called as the thermal expansion coefficient. 
The final equation for ε is written as: 
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(21)  > D¬>) +	 >>@X 𝜌𝑈6𝜀 = 	 ¬6 𝐶¬9𝑃6 −	𝐶¬Q𝜌𝜀 +	𝐶¬9𝑃¬ +	 >>@X 𝜇𝛿6± + 	𝑐¬𝜌 6¬ 𝑢6𝑢± >¬>@³        [18] 
 
5. PROBLEM STATEMENT & PROCEDURE 
 
The Computational Fluid Dynamics is done for the classic Baughn [1] to work for best 
practices and to apply new design improvements of jet impingement.  After the validation 
of this basic case of Baughn [1], similar properties are used for jet impinging on the 
curved surface.  This technology is used in high-pressure turbine blades for turbo-
machinery.   
The equations used are the Navier-Stokes equations, which were used in Star-ccm [13] 
and Fluent [14]. 
Simulation parameters are three-dimensional, steady-state, ideal gas conditions with a 
segregated fluid enthalpy for RANS.  Turbulence model used in these models are k-ε, k-
ω, and SST. Note that for all the simulations, we did not tune any coefficients in the 
turbulence models that we used. 
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Figure	5:	single	jet	impingement	and	shows	contour	plot	of	temperature. 
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Figure 6: an array of jets impinging on a curved surface and shows contour plot of 
Nusselt Number. 
Figure 5, shows the impinging plate with a cylindrical pipe of diameter D=26mm having 
Reynold's number of 23,000.  The height of the pipe to the wall is 52 mm, which yields 
an H/D of 2.  Heat flux at the wall is set to a constant of 10,000 W/m2. Design 
improvements for the single jet such as converging and diverging the nozzle impinging 
on the plate, changing the shape of the area in the plate, and where the jet impinges were 
investigated.   
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Figure 6, shows the impinging jet on the curved surface to get a similar shape of a high-
pressure turbine (HPT) blade.  The cylindrical pipe has a diameter of 10mm with Re 
number of 23,000. Heat flux at the wall is 10,000 W/m2, and H/D is 2.   
Simulation parameters are three-dimensional, steady state, ideal gas condition with a 
segregated fluid enthalpy for RANS.  Simulations were performed with three cylindrical 
jets that are impinging on the curved surface with the different turbulence models to check 
for the best turbulence model.  A comparison of jet-to-jet spacing (P/d) is varied to find 
the optimum heat transfer when compared with the Fenot [11]. 
Figure 2 illustrates the impinging jet in crossflow.  The diameter of the jet is 0.026 m, and 
the jet velocity is 13.8 m/s.  The velocity at the crossflow inlet is 1.38 m/s.  The jet 
Reynolds number for this case is 23,000.   
The simulation parameters for this case are three-dimensional, steady state, ideal gas, and 
segregated enthalpy for RANS.  Note for all cases using large eddy simulation (LES) are 
unsteady, ideal gas and segregated enthalpy. 
 
 
Figure 7: Impinging jet in crossflow 
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6. RESULTS 
 
CFD is performed with the same conditions and geometry as done in Baughn [1] 
 The effects of the Baughn [1] with various configuration upgrades will be discussed 
below.  After the best practices and validation of classic case of impinging jet, results of 
curved plate are discussed with different parameters and compared with the Fenot [11] 
case.  The last case is the impinging jet in crossflow. 
 
6.1. Single	Jet 
 
Figure 8 compares different turbulence models with experimental data for RANS, which 
are k-ε, k-ω, SST, and RSM.  As seen from the diagram below, we can state that SST 
provides the best comparison to the experimental results Baughn [1]. It is consistent with 
Zuckerman and Lior [3].  Therefore, SST will be used for the single jet.  Inlet boundary 
conditions were investigated as well.  
Figure 9 compares inlet boundary at a constant value and fully developed turbulent flow.  
The figure below shows the importance of correct boundary condition.  Notice the change 
in Nusselt number for constant (Nu = 115) and fully developed (Nu = 140) at the center.  
This result shows an 18 percent change in Nusselt number due to only boundary 
conditions.   
To check the mesh sensitivity, various simulations were done in the initial stage with 
prism layers of 2, 5, 10 and 15 to compare with the experimental results of Baughn [1]. 
Figure 10 and 11 show the effect of improving the prism layers near the wall to improve 
heat transfer.  These results are shown because of the relative ease to generate an 
unstructured mesh.  This result shows that one must be careful when generating a mesh.  
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The unstructured mesh of 2 prism layers and one of 15 prism layers is in Figure 12.   Y+ 
values are also shown Figure 11. 
 
Figure	8:	Comparison	of	different	turbulence	models	for	RANS 
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Figure 9: Effect of inlet boundary conditions for a single jet. 
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Figure 10: showing different prism layers and the effect on Nusselt number. 
Figure	11:	plot	of	y+	at	different	prism	layers.	
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Figure 12: showing the unstructured mesh and the prism layers. 
 
 
 
6.2. Turbulence	Models 
 
At the point when diverse turbulence models are contrasted and the same number of cells, 
it can be seen that CFD simulation show distinctive results with various turbulence models. 
K-ε, SST indicates high heat transfer which is described by Nusselt number. While, SST – 
Fluent and K-ε gives better results when compared with the same number of cells in Star 
CCM+. 
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Figure	13:	Baughn	case:	1.8	million	cells 
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Figure 14: Baughn case: 500,000 cells 
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6.3. Design	Improvements 
 
Different nozzle designs were introduced to the simple impinging jet, with the aim of 
obtaining high heat transfer coefficients.  Many nozzle types including converging 
nozzle, diverging nozzle with some changes in the bottom plate where the jet in impinging 
was investigated.  The Figure 7 below shows the different variation with the Nu vs. s/d 
and Figure 8 shows the changes done in the jet. 
 
 
 
Figure 15: Variations from Design improvements 
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Figure 16: Different Design Improvements 
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6.4. Jet	impingement	on	curved	surface	
 
Once the validation of Baughn [1] is done, heat transfer in the concave surface needs 
to be verified.  Figure 9 illustrates the comparison of different turbulence models with the 
experiment done by Fenot [11] and confirms that SST turbulence models give the best 
possible result when compared with the result of Fenot [11].  
                  
 
Figure 17: Comparison of turbulence models (Fenot) 
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Once the turbulence model is identified, SST model is used for further investigation.  
Figure 10 shows the comparison of 3 jets impinging on concave surface with jet diameter 
of 10 mm and jet-to-jet spacing (P/d) of 30mm, 40mm, 60mm, and 80mm.  After 
comparing it with Fenot [11], it can be seen that the jet-to-jet spacing of 40mm is giving 
better heat transfer than the other spacing.  If the P/d spacing is reduced from 40mm to 
30mm, then there is a significant drop in heat transfer. 
 
 
             
 
Figure 18: Comparison of Change in Jet to Jet diameter 
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6.5. Simulation	of	impinging	jet	in	crossflow	
 
The last study is the effect of heat transfer on impinging jets in crossflow.  The parameters 
that will be investigated are the effect of turbulence modeling, and ratio of the jet inlet 
versus the crossflow velocity with the same properties as in the cases discussed earlier. 
Also, passive scalar scene is observed.  Figure 11 demonstrates the jet is impinging on 
the surface with a crossflow going from left to right.  Again, the diameter of the jet inlet 
is 0.026 m, and the jet velocity is 13.8 m/s.  The velocity at the crossflow inlet is varied.  
The jet Reynolds number for this case is 23,000. 
 
 
Figure 18: Impinging jet in crossflow 
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In Figure 12, the effects of different turbulence models are shown.  To remain consistent 
with other previous simulations, we will use the SST turbulence model.  Now using SST 
turbulence model, we will investigate the effects of heat transfer as a function of ratio jet 
velocity versus crossflow velocity. 
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Figure 19: The effect of turbulence modeling (LES, SST, K-e) 
 
Now, Figure 13 shows the variation of cross-flow in comparison to the jet inlet 
velocity. The crossflow velocity was varied from 0.138 m/s, 1.38 m/s, 2.67 m/s and 6.9 
m/s of the inlet jet velocity to investigate the cooling effects.  Note that the jet inlet 
remains constant in our simulation, which is a jet velocity of 13.8 m/s.  As it can be seen 
in the figure below, the first figure with crossflow 0.138 m/s shows very low crossflow 
and looks like a traditional impinging jet and looks like the single jet case. We can observe 
a definite profile where we get increase of heat transfer in the front of jet as we increase 
the flow and vary the crossflow velocity of 1.38 m/s but the full jet is not hitting it and 
decreases the overall heat transfer. Similarly, if we observe the other pictures, we see that 
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the ratio decreases to 5% and 2%. We can conclude that as the crossflow increases the 
heat transfer gets worse. 
 
 
 
 
    
Figure 20: effect of heat transfer as a function of ratio jet velocity versus crossflow 
velocity 
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Also, Figure 14 shows the passive scalar mixing between the fluids in an impinging jet 
with cross flow for large eddy simulation, where mixing can be observed near the 
boundary and lot in crossflow area. 
 
 
 
Figure 21: Large eddy simulation of passive scalar mixing in an impinging jet with 
crossflow 
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7. CONCLUSION 
 
Impinging jets with Re 23,000, D of 26 mm and heat flux of 10,000 W/m2 were 
studied.  It was found that:   
1. One should have at least 15 prism layers or more for these types of problems.   
2. Inlet boundary condition can greatly affect the heat transfer of the impinging jet.  
3. SST turbulence modeling is the best-suited model for RANS for the problems 
simulated in this paper.   
4. For Fenot [11], a jet-to-jet spacing (P/d) of 4 gives the optimum heat transfer. 
5. For the impinging jet in crossflow, the higher the crossflow, the lower of the heat 
transfer. 
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